In the traditional view of mood disorders, the circadian system has been insufficiently considered. However, polymorphisms of circadian oscillator genes in bipolar disorder, seasonal affective disorder, and subforms of major depressive disorder as well as demonstrable deviations in overt circadian rhythms indicate a role of the circadian system in these pathologies. Circadian malfunction affects sleep, and sleep deprivation can initiate proinflammatory responses. Being parts of the circadian system, melatonin and sirtuin 1 deserve particular attention. Either of them displays neuroprotective, antiinflammatory, and circadian amplitude-enhancing properties, which are of relevance to neurodegeneration that is observed in a number of depressive patients. Notably, both circulating melatonin levels as well as sirtuin 1 expression decline by age. In the gerontological context, melatonin upregulates sirtuin 1, which mediates some of melatonin's actions. Correction of a deviating circadian system seems to be of value regarding causes that contribute to depressive symptoms.
Introduction
Mood disorders had been regarded in the past largely from a psychological point of view. However, a growing body of evidence indicated that changes in brain physiology are of eminent importance to the development of these pathologies. This was for a while mainly seen in the context of neurotransmitter availability in relevant brain structures and, according to this context, actions of antidepressants were interpreted and developed. The suspicion that neurodegeneration may play a crucial role is not entirely new, but has gained increasing attention mainly during the last years [1] [2] [3] [4] [5] [6] . In the beginning, this seemed more likely in cases in which patients exhibited socially unacceptable behavior or signs of dementia, [7] [8] [9] [10] but was less considered in exclusively depressive disorders, a view that is actually changing 2, 4 . On the one hand, reduced neurotransmitter concentrations in the synaptic cleft may already be associated with the initiation of neurodegenerative processes, as judged from the influence of other synaptopathic changes, 10, 11 and from the fact that classic antidepressants can also display neuroprotective properties 12 . Therefore, a functional bridge seems to exist between earlier and more recent concepts. On the other hand, numerous other factors can also contribute to neurodegeneration and, thereby, promote mood disorders. In this context, chronic stress 13 and lowgrade neuroinflammation seem to be of particular importance [14] [15] [16] [17] . As mood disorders are typically associated with sleep disturbances that may even be prodromal to depressive symptoms, [18] [19] [20] consequences of sleep loss and inappropriate circadian phasing of sleep have to be considered in the etiology of mood disorders.
Consequences of Sleep Disturbances
Sleep disturbances are a cause of stress and the resulting allostatic load has been implicated in the development of depressive disorders 21 . More importantly, the induction of low-grade inflammation by sleep deprivation has been recognized as a pathological consequence that has the potential for causing various morbidities, especially by inducing low-grade inflammation [22] [23] [24] [25] [26] . Low-grade oxidative stress and neuroinflammation typically precede clinical symptoms of neurodegeneration 27 . Details concerning the relationship between oxidative/nitrosative stress, inflammation and neurodegeneration have been outlined and reviewed elsewhere [28] [29] [30] . Numerous other findings that have been repeatedly reviewed, meta-analyzed or studied on a broad scale have shown that sleep loss can be associated with depressive disorders 18, 19, [31] [32] [33] [34] [35] and neurodegeneration 4, [36] [37] [38] . Although the causality has often remained unclear, inflammatory processes seem to be frequently involved in the initiation of these pathologies. Amyloid-β peptides, which contribute to neuroinflammation, have been shown to be increased by sleep loss in the CSF of healthy subjects 39, 40 . Sleep disturbances can have different causes, but they are often related to changes in the circadian system. In this context, it is necessary to distinguish between deviations because of gene variants concerning components of the cellular oscillator machinery and age-associated changes that may result from neurodegeneration, epigenetic dysregulation or decreased expression of amplitude-enhancing factors such as sirtuin 1 (SIRT1) or melatonin 4, 28 . Moreover, melatonin is also a sleep-promoting agent, especially in terms of initiating sleep onset 41, 42 . Polymorphisms of core oscillator components such as the Period 3 (Per3) gene have been associated with inflammation 43 . In turn, inflammation can also reduce the expression of Per2 (Period 2), 44 presumably by an epigenetic mechanism. Additionally, the anti-inflammatory properties of the accessory oscillator component SIRT1 and the circadian regulator molecule melatonin have to be taken into account 28, 29 . Notably, melatonin has been repeatedly shown to upregulate SIRT1 expression, when acting in the context of inflammation, especially neuroinflammation, and of aging, in contrast to its downregulation in cancer cells, as summarized elsewhere 28, 29, 45 .
Circadian Malfunction in Depressive Disorders
The assumption of a relevant role of circadian malfunction in the development of mood disorders has received considerable support by two lines of evidence, (i) the association of circadian gene polymorphisms or underexpression with various forms of depressive disorders, and (ii) the demonstration of rhythm deviations in depressive patients. As summarized elsewhere, 4,46 the genetic relationship was reported for the following types of depression and oscillator genes: bipolar disorder (BP) -Per3, Cry2 (cryptochrome 2), Bmal1 (brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1), Bmal2, Clock (circadian locomotor output cycles kaput), Dbp (D-box binding PAR bZIP transcription factor), Tim (timeless), CsnK1ε (casein kinase 1ε), NR1D1 (nuclear receptor subfamily 1 group D member 1); seasonal affective disorders (SAD) -Per2, Cry2, Bmal1, Npas2 (neuronal PAS domain protein 2); subtypes of major depressive disorder (MDD) -Per3, Cry1, Clock, Npas2. Determinations of time-of-death expression in the brains of MDD patients revealed altered expression levels of various oscillator genes, such as Per1, Per2, Per3, Bmal1, NR1D1, Dbp, Dec1 (deleted in esophageal cancer 1) and Dec2 47 . Because of its amplitude-enhancing properties, SIRT1 is of particular importance and, again, a polymorphism in the Sirt1 gene was demonstrated in MDD 48 . Additionally, polymorphisms of Per1 and Clock or Per1 and Npas2 were found to be associated with other behavioral disorders, such as attention deficit hyperactivity disorder (ADHD) and autism spectrum disorders (ASD), respectively 46 . Collectively, these data strongly support a contribution of deviations in the circadian system to the etiologies of mood disorders. Notably, various of these oscillator genes, in particular, Per1, Per2, Bmal1, Clock, Npas2 and Sirt1, have been found to be modulated by melatonin 45, 46, 49, 50 . Insofar, it is not surprising that polymorphisms of genes involved in melatonin synthesis and signaling were also reported to be associated with depressive disorders 46, 51 . Decreases in melatonin levels also occur in response to epigenetic changes or other pathology-induced effects on the pineal gland 52 and, thus, can be independent of genetic deficiencies. Nevertheless, the polymorphisms are well in accordance with decreased melatonin levels observed in patients with depressive disorders, as recently summarized 4 .
Of course, a single association does not signify more than just a risk factor, and some of the mutant alleles have also been found in the general population. Nevertheless, the relevance of circadian deviations in depressive disorders is amply documented. The disruption of circadian oscillator functions in depression has been recently discussed 4 . Such findings were also demonstrated in post-mortem brain tissue: while core clock gene expression exhibited robust 24 hr-rhythms in six brain regions of control subjects, the oscillations of 11 clock genes were significantly disrupted in MDD, as shown in 34 patients 53 . In the brains of depressive patients, structural changes were clearly apparent, especially in the anterior cingulate cortex, in which the volume of grey matter was reduced 53, 54 . Because of its connections to hippocampus, amygdala and striatum, changes in this area are believed to extend to other functions. An important aspect concerning the circadian system in depressive disorders concerns the deviations in period length 55, 56 . These may be longer or shorter than in the general population, an observation that is by no means contradictory, but rather reflects the difficulties of the organism to be fully synchronized with the 24 h environment under either of these conditions, as soon as the so-called range of entrainment is exceeded. As the circadian system is not only based on a single master clock, but is composed of numerous central and peripheral oscillators, this can also lead to difficulties of internal synchrony between rhythms that depend to a variable degree on the hypothalamic master clock, the suprachiasmatic nucleus (SCN) and may be semi-autonomous or, in the extreme, more or less autonomous with regard to the SCN 45, 46 . Misalignment of rhythms both in relation to external time cues and internally within the body may contribute to physiological problems, which, in the end, may turn into difficulties of sleep and mood disorders. From this point of view, it would be of substantial importance to first assess the extent and direction of circadian deviations in a depressive patient and, thereafter, to select treatments that allow a forced synchronization by either shortening or lengthening the circadian periods 4, 56 . Possibilities of using melatonin or synthetic melatonergic agonists and/ or bright light in appropriate circadian phases have been discussed elsewhere 4, 51 .
An Antidepressant May Affect Circadian Oscillations
A specific point is worth being addressed herein, namely the influence of antidepressants on the circadian system. Several anti-depressive drugs, especially serotonin reuptake inhibitors, are capable of disturbing sleep and may require concomitant treatment with sedative/hypnotics, [57] [58] [59] whereas other antidepressants with sedative properties such as doxepin, mirtazapine, and trazodone rather promote sleep 59 . Sleep disturbances by pharmacological treatments may have secondary effects on the circadian system, and the important question is that of whether these alterations may change the circadian oscillations towards normality or drive them towards poorer entrainment. Moreover, an antidepressant can have a direct effect on circadian period lengths. This is particularly the case with lithium, which is known since decades to lengthen circadian oscillations. 4 Therefore, lithium will beneficial in a patient who is poorly synchronized because of a pathologically shortened period length, but counterproductive in another patient with an extended period, as has been shown in patients with bipolar disorder 4, 60, 61 .
Depressive Disorders, Neurodegeneration and the Protective Role of Melatonin
While circadian changes are frequent in depressive disorders, the link to neurodegeneration requires further elucidation. Generally, one has to remain aware that neurodegeneration is not a diagnostic criterion for depression. On the one hand, neurodegenerative processes can induce malfunction of the circadian system, 28, 29 cause sleep disturbances and, thereby, may also promote the development of depressive disorders. On the other hand, damage to brain regions may presumably also occur as a consequence of persisting alterations by circadian misalignment. Sleep loss has been shown to be associated with brain atrophy, as demonstrated by an expansion of ventricular volume 62 . Moreover, reductions in in the levels of neuroprotective agents such as melatonin and SIRT1 may also facilitate neurodegenerative processes. Notably, these two molecules are important components of the circadian system. Therefore, decreases in melatonin and SIRT1, which mediates, at least, some of melatonin's actions, 45, 63 reflect a weakening of the circadian system. Additionally, they indicate insufficient stimulation of circadian oscillators by these two important amplitude-enhancing factors. Moreover, both melatonin and SIRT1 display antiinflammatory properties, 28, 29, [64] [65] [66] and have been shown to be neuroprotective 29, 51, 67 . Many details are known on antioxidative/antinitrosative actions of melatonin 30, [68] [69] [70] . Notably, antioxidative protection is strongly related to the circadian system, which includes but also exceeds the rhythmicity of melatonin 45, 71 .
The protective roles of melatonin have been analyzed many times under various aspects and comprise various direct and indirect antioxidant, mitochondria protecting and anti-excitatory actions, which also interrupt vicious cycles that emerge from cross-talks between neurons, astrocytes and microglia [28] [29] [30] 72 . Similar assumptions may be deduced for SIRT1, but this would require more extended documentation. Despite the necessity of further exploring the connections between circadian malfunction and neurodegeneration, the degenerative changes in depressive disorders have been amply described. Decreases in the volumes of brain regions have been shown in MDD, especially concerning the prefrontal, more strongly, the orbital frontal, and the anterior cingulate cortex, caudate nucleus, putamen, hippocampus and, occasionally, also other brain regions 4 . With regard to the inflammatory aspects of BP, such as increases in proinflammatory cytokines and markers, 4 neurodegenerative processes are likely promoted in this form of depression, too. This would also conform with similar observations in sleep disturbances 28 . Further studies on neurodegeneration after a long-lasting BP history should clarify this important perspective.
Conclusion
With regard to the high incidence of depressive disorders that affect more than 120 million people worldwide, with a rising tendency and an established impact concerning working disability, morbidity and mortality, 18 the causes and etiological relationships of these pathologies deserve particular attention and further research. Concerning the role of melatonin on depressive disorders, it is important to remain aware that this compound is not a direct antidepressant. Therefore, is has not been a surprise that a recent systematic metaanalysis has not revealed demonstrable improvements by melatonin in depressive disorders 73 . However, it will be important to study the effects of melatonin in the context of circadian readjustments, which should have effects on sleep, anti-inflammatory and other neuroprotective actions that can be expected to counteract depression-promoting changes. This has not yet been sufficiently done and the chronobiological rules for re-entrainment of rhythms have mostly been disregarded. Moreover, neurodegenerative processes represent long-term developments that cannot be rapidly reversed. Neurodegeneration is, in the understanding of this author, a major concern. The increasing evidence for proinflammatory changes by sleep deprivation and the involvement of circadian deviations in mood disorders indicate a necessity for more strongly considering malfunction of the circadian system and its consequences to sleep in such a context. Of course, one has to remain aware of the heterogeneity of depressive disorders, in which even MDD turns out to be a complex of different pathological subforms with their own etiologies. Nevertheless, the common symptom of sleep disturbance is already a sufficient reason for looking closely at low-grade neuroinflammation and pertinent changes such as microglia activation, astrocytic and neuronal damage. Moreover, the association of the incidence of depressive disorders with age, which is anyway related to proinflammatory traits by immunosenescence, senescence-associated secretory phenotype, brain insulin resistance and increased levels of amyloid-β peptides and oligomers, 27, 32, 49, 50 leads to the necessity for particular attention in an aging society. On the side of interventions, the correction of circadian malfunction, e.g., by appropriately timed melatonin and bright light appears to be an option that may deserve more consideration. 4 Either of these treatments is extremely safe, compared to the use of most classic antidepressants. Additionally, melatonin's other beneficial actions as an antioxidant, anti-inflammatory agent, neuroprotectant and stimulator of SIRT1 expression should be taken into account 32, 33, 49 . However, it will be important to determine the specific circadian deviations of an individual patient before schematically applying a chronotherapy
